A simple method for the enumeration of viable Mycobacterium paratuberculosis cells was developed and evaluated using the MGIT 960 culture system. For each of 12 M. paratuberculosis strains isolated from either cattle or humans, single-cell suspensions of M. paratuberculosis cells were adjusted to an optical density at 600 nm of 1.00 (10 7.6 to 10 8.2 cells/ml), and serial dilutions were prepared. Standard curves were established by relating the MGIT time-to-detection data to the log 10 CFU for these suspensions using standard plate counting and BACTEC 460 results as reference methods. Universal and strain-specific standard quantification curves were generated. A one-phase exponential decay equation best fit the universal standard curve and strainspecific curves (R 2 of 0.96 and >0.99, respectively). Two subgroups within the universal curves were distinguished: one for laboratory-adapted strains and the other for recently isolated low-passage bovine strains. The predictive errors for log 10 estimations using the universal standard curve, each subgroup's standard curve, and strain-specific curves were ؎0.87, ؎0.45, and ؎0.31 log 10 units, respectively. CFU estimations by all three standard curves were highly reproducible, regardless of the M. paratuberculosis strain or inoculum volume. In comparison with the previously described BACTEC 460 M. paratuberculosis counting method, quantification with MGIT 960 was less expensive, more rapid, more accurate, and more sensitive (<10 CFU). This MGIT counting method has broad applications for studies requiring the quantification of viable M. paratuberculosis cells, such as drug susceptibility testing or environmental survival studies.
Quantification of viable bacteria is a crucial foundation for many types of research. This seemingly simple task can be challenging, expensive, and imprecise for Mycobacterium paratuberculosis, a slowly growing organism (Ͼ24-h generation time) with a strong tendency to form large clumps (15) . Studies of environmental survival, resistance to pasteurization or disinfectants, and quantification of the pathogen in milk and feces from infected animals are just a few examples that require precise and sensitive quantification of viable M. paratuberculosis cells.
The first liquid culture system used for the detection of M. paratuberculosis in clinical samples was the BACTEC 460 system (Becton Dickinson, Sparks, MD), based on a modified 12B (radiometric) culture medium (8) . An algorithm for converting cumulative growth index units in the BACTEC 460 system into the number of inoculated M. paratuberculosis cells was previously reported (21) . This algorithm has been used both in its original form as well as in a more simplified form for multiple studies of M. paratuberculosis and has proven to be invaluable for studies of M. paratuberculosis survival in the face of multiple chemical, physical, and environmental challenges (16, 21, 26, (28) (29) (30) (31) 34) .
The BACTEC 460 TB system has been replaced with the new nonradiometric BACTEC MGIT (mycobacterial growth indicator tube) 960 system (9, 15, 20) , designed for the detection of mycobacterial species commonly found in human clinical samples (5, 15, 17) . The system uses an oxygen-quenching fluorescent sensor in conjunction with software algorithms to determine when tubes are "positive," i.e., when significant bacterial growth has occurred. This system has been adapted for the detection of M. paratuberculosis in veterinary clinical samples by using a new culture medium specific for M. paratuberculosis, called MGIT ParaTB medium (Becton Dickinson, Sparks, MD), and a modified algorithm built into the MGIT 960 instrument for the interpretation of fluorescence measurements made hourly for each culture tube (4) . The advantages of the MGIT 960 system for culture, the recovery of slowly growing mycobacteria from clinical samples, have already been reported (18, 22, 25) . The instrument reports results as time to detection (TTD) in days and hours. Just as with the BACTEC system, additional testing is required to confirm the identity of mycobacterial isolates, usually acid-fast staining and PCR (24, 32) . The quantitative capabilities of the MGIT 960 system have not previously been explored.
The goal of this study was to create a method for counting M. paratuberculosis cells analogous to what was previously reported for the BACTEC 460 system (21) using MGIT TTD data.
MATERIALS AND METHODS
Bacterial strains, cultures, and preparation of M. paratuberculosis single-cell suspensions. A total of 12 M. paratuberculosis strains isolated from cattle or humans were used in this study: ATCC 19698, K-10, JTC100, JTC102, JTC114, JTC303, USF-5, UCF-7, B213, B236, B238, and B244. Strains ATCC 19698 and K-10 are type strains; those with the JTC prefix are clinical isolates recovered from bovine fecal or tissue samples by the Johne's Testing Center (School of Veterinary Medicine, University of Wisconsin-Madison). Strains UCF-5 and UCF-7 are M. paratuberculosis strains of human origin that were recently isolated from Crohn's disease patients. These strains and four bovine strains, B213, B236, B238, and B244, were kindly provided by Saleh A. Naser (University of Central Florida, Orlando, FL). All strains were cultivated in 7H9 broth supplemented with 10% oleic acid-albumin-dextrose-catalase (Difco Laboratories, MD) and 2 g/ml of mycobactin J (Allied Monitor, Fayette, MO) for 1 month at 37°C. The identity of the organisms was verified by multiplex PCR (2, 3) for the insertion elements IS900, IS901, IS1311, and IS1245 as well as by high-performance liquid chromatography of cell wall mycolic acids by a reference laboratory (State Laboratory of Hygiene, Madison, WI).
Preparation of mycobacterial cells. Single-cell suspensions of each strain were prepared as previously described, with slight modifications (21) . Briefly, mycobacterial cells grown in mycobactin-supplemented 7H9 broth were harvested by centrifugation at 10,000 ϫ g for 20 min and washed three times in 10 mM phosphate-buffered saline (PBS) (pH 7.2). Cell pellets were homogenized using an overhead stirrer (Wheaton Instrument, Milville, NJ) for 1 min on ice to minimize clumping of cells. The homogenized mycobacterial cells were passed through an 8-m-pore-size filter (Millipore Corp., Bedford, MA). The predominance of single cells in the final preparation was confirmed by an examination of acid-fast-stained slides. Seedlots of each strain were then kept in 1.5-ml aliquots at Ϫ80°C until use.
Colony counts. The number of viable mycobacterial cells in each single-cell suspension was determined by standard plate counting as a reference method. Briefly, the undiluted stock cell suspension (1.0 ml) was added to 9.0 ml of 10 mM PBS (pH 7.2). Tenfold serial dilutions were made in 10 mM PBS (pH 7.2), with vortexing between each dilution step. One hundred microliters from each dilution was plated onto each of three 7H10 agar plates supplemented with 10% oleic acid-albumin-dextrose-catalase and 2 g/ml of mycobactin J. Colony counts (CFU) were determined after the incubation of plates at 37°C for 10 weeks. MGIT ParaTB tubes were inoculated in triplicate with 100 l of the same serial dilutions. To evaluate the effect of the MGIT tube inoculum volume, one set of tubes was inoculated with 100 l and another was inoculated with 1,000 l from each of the serial dilutions of multiple M. paratuberculosis strains.
Experiment I: generation of standard curves. Serial dilutions of single-cell suspensions of each of the 12 M. paratuberculosis strains were prepared, and 100 l was inoculated into ParaTB MGIT medium (Becton Dickinson, Sparks, MD) as described above. Each tube contained 7 ml of modified Middlebrook 7H9 broth base with mycobactin J and a fluorescent indicator embedded in silicon on the bottom of the tube. Eight hundred microliters of MGIT ParaTB supplement (Becton Dickinson, Sparks, MD), 500 l of egg yolk suspension (Becton Dickinson, Sparks, MD), and 100 l of VAN cocktail (Becton Dickinson, Sparks, MD) were added to each tube, resulting in final concentrations of 10 g/ml vancomycin, 40 g/ml amphotericin B, and 60 g/ml nalidixic acid, as per the manufacturer's instructions. The tubes were inoculated in triplicate, incubated at 37°C in an MGIT 960 instrument, and removed when the instrument signaled positive. Acid-fast staining (Ziehl-Neelsen) was performed on smears made from each signal-positive tube to confirm the presence of mycobacteria. This experiment was completed twice. The TTD (days) for each tube was recorded and plotted against log 10 CFU inoculum to generate a standard curve for each strain tested (i.e., the strain-specific standard curve). In addition, the data for all 12 M. paratuberculosis strains were pooled to create a universal standard curve. The model that best fit the data was determined using statistical software (GraphPad Prism version 4.03 for Windows; GraphPad Software, San Diego, CA). Two methods were used to compare the universal standard curve to the strain-specific curves. First, cross-validation for each strain was performed based on pooled data for the other 11 strains. Second, the standard error for the strain-specific curve was compared with that of the universal standard curve at 95% prediction intervals (PI) for log 10 CFU estimates.
Experiment II: utilization of the MGIT 960 TTD counting method. The ability of the MGIT ParaTB quantification standard curves to accurately predict M. paratuberculosis CFU was determined with randomly selected dilutions prepared from seven strains (ATCC 19698, JTC303, JTC114, UCF-5, UCF-7, B238, and B244). Plate-counted CFU were compared to predicted CFU based on both the strain-specific and universal standard curves. These counts were obtained independently from the results from experiment I. The relationship between the observed and predicted CFU counts was evaluated by correlation coefficients.
Comparison of M. paratuberculosis quantification by the BACTEC 460 and MGIT 960 methods. Using plate counts as the reference method, CFU predictions for the same M. paratuberculosis cell suspensions were obtained by both the BACTEC 460 and MGIT 960 methods. The BACTEC 460 method was performed as previously described (21), with the following slight modifications. Briefly, 100 l of 10-fold dilutions from each strain was inoculated into three BACTEC 12B vials containing 4 ml Middlebrook 7H12B medium supplemented with 2 g/ml of mycobactin J, 1.0 ml of egg yolk (Becton Dickinson, Sparks, MD), and the same final concentrations of antibiotics as those used for MGIT tubes. All vials were incubated at 37°C without shaking. The growth index for each vial was measured every 24 h for 8 weeks by the BACTEC 460 instrument using a normal atmosphere for gas exchange. The upper limit for the designation of no growth for inoculated vials as well as negative controls was 30 growth units after 8 weeks. The instrument was calibrated weekly according to the manufacturer's instructions. When cumulative growth index readings exceeded 2,000 units, a previously described algorithm was used to estimate CFU of M. paratuberculosis inoculated.
Comparison of MGIT and spectrophotometric enumeration methods. B238). Stock suspensions of each strain were suspended in 10 mM PBS (pH 7.2) to an optical density at 600 nm (OD 600 ) of 1.00 using a spectrophotometer (Biomate 3; Thermo Electron Corp., Madison, WI). Tenfold dilutions (100 l of 10 0 to 10 6 CFU) were inoculated into triplicate supplemented MGIT ParaTB tubes. The tubes were incubated in the MGIT 960 instrument, and the TTD was recorded for each tube. CFU inoculated per tube were predicted by both the universal standard curve and the matching strain-specific standard curve. The predicted log 10 CFU were compared with observed colony counts on plates. Initial M. paratuberculosis cell concentrations in stock suspensions were calculated by multiplying CFU by the relevant dilution factors.
RESULTS
Generation of standard curves. Standard curves (CFU versus TTD) for each of the 12 M. paratuberculosis strains (strainspecific standard curves) (Fig. 1B) as well as the pooled data for all 12 strains (universal standard curve) (Fig. 1A) were fitted to a one-phase exponential decay model with three parameters: log 10 inoculum size ϭ span ϫ e(ϪK ϫ TTD) ϩ plateau. Span is the difference between TTD at time zero and the plateau, K is degree of decay for the log 10 CFU, and plateau is the value for log 10 CFU curve flattening. Estimations for span, K, and plateau were obtained by a nonlinear leastsquares approach using GraphPad Prism 4.03 software. The R 2 of goodness-of-fit values between TTD and log 10 CFU in the universal standard curve and strain-specific curves were 0.96 and Ͼ0.99, respectively.
Comparison between universal standard curve and strainspecific standard curves. The validity of applying the universal standard curve for each of 12 different strains was determined by cross-validation and prediction errors. In the cross-validation assessment, the CFU counts obtained from the strainspecific curve for each of the 12 strains were within the 95% PI compared with the universal standard curve based on the other 11 strains (Fig. 2A) . This was true for every M. paratuberculosis strain tested in this study. As expected, a strain-specific curve was more accurate for itself (very narrow 95% PI) than was the universal standard curve. Mean CFU prediction errors for the universal standard curve and strain-specific curves were Ϯ0.87 log 10 CFU and Ϯ0.31 log 10 CFU, respectively. CFU predictions were higher (Ͼ1.0 log 10 CFU) for the universal standard curve when Ͼ10 6.5 CFU M. paratuberculosis were inoculated into an MGIT ParaTB tube.
While the universal standard curve was accurate for all strains, by comparing cross-validations and pattern similarities of strain-specific curves, two subgroups within the universal standard curve became evident: subgroup I contained laboratory-adapted strains (Fig. 2B) , and subgroup II was made up of recently isolated, low-passage clinical isolates (Fig. 2C) . Strains ATCC 19698, K-10, JTC100, JTC114, and JTC303 belonged to subgroup I, and strains JTC102, B213, B236, B238, and B244 belonged to subgroup II. In subgroup I, none of the strains had identical strain-specific standard curves. The strain-specific standard curves for subgroup I were quite similar to the universal standard curve, but these strains tended to grow more slowly when inoculated at 10 3 to 10 7 CFU (Fig. 2B ). In contrast, all subgroup II strains had identical strain-specific standard curves at 95% confidence intervals (CI) with CFU predictions similar to those of the strain-specific standard curves. Generally, subgroup II strains grew more rapidly than subgroup I strains (Fig. 2C) . Data pooled by subgroup produced subgroup I and subgroup II standard curves. These two curves showed a better fit to the model, with R 2 values of 0.97 and 0.99, respectively, and more accurately predicted CFU for the relevant strains than did the universal standard curve, whose prediction errors were Ϯ0.65 and Ϯ0.37 log 10 CFU, respectively. Two human strains were excluded from the subgroup standard curves because their growth patterns did not fit either subgroup.
Reproducibility of the MGIT counting method. MGIT CFU predictions, repeated in a second independent trial with all 12 strains, were compared using an unpaired t test with Welch's correction. No statistically significant difference was observed between the two experiments (P ϭ 0.70). The correlation (r) between CFU estimations predicted by each experiment's universal standard curves was 0.99 when CFU estimations were compared at the same inoculum sizes (Fig. 3A) . In addition, no significant difference was observed between CFU from plate counts and CFU estimations predicted by both universal standard curves (P Ͼ 0.05 by multiple comparison). Three M. paratuberculosis strains (ATCC 19698, JTC303, and JTC114) were selected for reproducibility analysis of strain-specific standard curves as well. Counting experiments for each strain were performed at least three times. The correlation between observed and predicted log 10 CFU (using strain-specific models among repeated experiments for ATCC 19698, JTC303, and JTC114) was Ͼ0.99 (Fig. 3B) .
Effect of inoculum volume. The effect of inoculum volume at a uniform M. paratuberculosis concentration was tested over a wide range of dilutions. Tenfold serial dilutions of three M. paratuberculosis strains were prepared as described above. MGIT ParaTB tubes were inoculated with either 100 l or 1,000 l of M. paratuberculosis cell suspension. When predicted CFU counts for tubes with different inoculum volumes but the same expected number of M. paratuberculosis cells, e.g., 100 l of 10 5 CFU/ml versus 1,000 l of 10 4 CFU/ml, were compared, counts were highly correlated (r Ͼ 0.99) (Fig. 4) .
Predicted log 10 CFU for samples of unknown concentrations. Triplicate CFU determinations for seven M. paratuberculosis strains tested over a wide range of cell concentrations were compared using the strain-specific, subgroup-specific, and universal models by multiple comparisons. When all results were combined, the CFU determinations based on the strainspecific, subgroup-specific, and universal models were highly correlated (r ϭ 0.99, r ϭ 0.98, and r ϭ 0.97, respectively [95% CI]) (Fig. 5) . The predicted numbers of cells for unknown samples tested in this experiment using the universal standard curve, subgroup-specific curves, and strain-specific curves erred by Ϯ0.69, Ϯ0.49, and Ϯ0.35 log 10 units, respectively (95% PI). These differences among the three models were not considered to be statistically significant (P ϭ 0.77 by multiple comparison test). Comparison of CFU prediction accuracy between the MGIT and BACTEC methods. Using only M. paratuberculosis strain ATCC 19698, CFU predictions were compared using the BACTEC model and MGIT universal standard curve (triplicate determinations). While the predicted CFU counts were the same for both systems, for M. paratuberculosis at 10 3.5 to 10 6.5 CFU (P ϭ 0.88 by multiple comparison test; r Ͼ 0.99), results were obtained in less than half the time with the MGIT method and over a greater dynamic range (6 logs versus 3 logs) compared to the BACTEC method ( Table 1) .
Correlation of MGIT and spectrophotometric methods. Suspensions of M. paratuberculosis cells from five different strains were adjusted to an OD 600 of 1.00 for five different strains and then serially diluted 10-fold in PBS. Predicted log 10 CFU concentrations for each dilution of each strain by both the universal and strain-specific standard curves matched plate counts between 10 and 10 Ϫ5.0 dilutions ( Table 2 ) (P Ͼ 0.05 by multiple comparison test). Significant differences at the lowest dilution (Ͻ10 CFU) and at the highest dilution (Ͼ10 Ϫ6.5 ) were observed (i.e., TTD results varied across replicates) (P Ͻ 0.05 by multiple comparison test) ( Table 2) . Overall, however, CFU predictions at each dilution using the universal standard curve did not differ from plate counts (P ϭ 0.43 by paired Wilcoxon signed-rank test). TTD intervals among dilutions were consistent and predictable regardless of the M. paratuberculosis strain used.
DISCUSSION
Standard plate counting methods for slowly growing mycobacteria are laborious, expensive, and time-consuming and frequently fail due to either contamination or medium dehydration during the required 30-to 50-day incubation (6, 10, 34) . Spectrophotometric methods for the standardization of cell suspensions provide only rough estimations of bacterial cell concentrations, and replicated counts may vary by Ͼ1 log 10 CFU/ml (7, 27) .
The TTD data reported by the MGIT 960 system with the new ParaTB medium supplemented were highly correlated to colony counts determined by standard plate counting methods. Standard curves for all 12 strains approximated a linear relationship between CFU and TTD, but a one-phase exponential decay curve mode best fit the data. Pooling the data from 12 M. paratuberculosis strains created a universal standard growth curve with narrow prediction errors (Ͻ1 log 10 CFU) that can be reliably used for quantification for a variety of experiments. While the greatest accuracy in predicting M. paratuberculosis CFU was obtained by the use of a strain-specific standard curve (Ϯ0.31 log 10 CFU [95% PI]), this additional precision is not needed for most mycobacterial research trials. Note the differences in strain-specific standard curves for low-passage bovine strains of M. paratuberculosis (subgroup II) and laboratory-adapted strains (subgroup I). A characteristic of subgroup II strains was their identical strain-specific standard curves (95% CI). In contrast, subgroup I strains showed greater variability among strains; i.e., strain-specific standard curves varied more extensively, although the overall pattern of standard curves for these strains was similar. With the appropriate subgroup standard curve, CFU counts for recently isolated bovine organisms were as accurately predicted as with strain-specific standard curves (Ϯ0.37 versus Ϯ0.31 log 10 CFU [95% PI]).
Subgroup II strains grew faster than subgroup I strains, especially at higher inocula (Ͼ10 3 CFU). This growth rate difference between laboratory-adapted and low-passage clinical isolates could possibly be explained by the genetic differences between strains, by sample storage conditions, or by greater clumping at high inocula. Our group and others have shown the varied effect on growth rates and phenotypic characteristics caused by different types of media (11, 30) . In this study, the laboratory-adapted strains had been subcultured in Watson-Reid medium, stored at Ϫ80°C for several months, and reconstituted in 7H9 broth, while the other strains were cultured in 7H9 broth since their initial isolation. This medium difference may contribute to growth rate variation. Interestingly, it has been reported that clumping increases the growth rate of mycobacteria both in vitro and in vivo (19, 21) .
A reliable and accurate prediction of log 10 M. paratuberculosis CFU was obtained between 10 1.5 and 10 6.5 CFU (dynamic range), with very low variation when the universal standard curve was applied for all study strains. However, both high concentrations of M. paratuberculosis cells (Ͼ10 6.5 CFU with a TTD of Ͻ3 days) and very low CFU (Ͻ10 1 CFU with a TTD of Ͼ30 days) cannot reliably be measured by these MGIT methods. The 95% prediction errors at these ranges were considerably wider than 1.0 log 10 CFU. In addition, although the prediction errors were small in smaller inoculum sizes (inoculum of less than 1.0 log 10 CFU), the coefficient variations were relatively high (i.e., 0.16% with an inoculum of 1 log 10 CFU versus 0.09% with an inoculum of 6 log 10 CFU). As a result, this counting method is not recommended for M. paratuberculosis cell concentrations of Ͼ10 6.5 or Ͻ10 1.0 per MGIT ParaTB tube. Another factor that may affect the quantification accu- racy of this and other methods for counting of mycobacteria is the tendency of the organism to clump. Our protocols deliberately created homogenous single-cell suspensions to provide the most robust data for method validation, but in clinical samples, most of bacterial cells existed as clumps. Therefore, more work is needed to determine the utility of this method for clinical applications.
The one-phase exponential decay model with three parameters has been widely used to describe the kinetics of drug activity (14) and environmental factors with regard to bacterial growth (12) . We found that this model was also effective for interpreting M. paratuberculosis growth data, producing standard curves of broad utility.
In comparison with the BACTEC 460 counting method, the MGIT 960 approach has better analytical sensitivity (10 1 CFU versus 10 3 CFU), determines its cell counts in less than half the time, is automated (no daily loading of vials into the BACTEC 460 instrument is required), and does not require radioisotopes. The BACTEC 460 method for M. paratuberculosis required at least 25 days to obtain the results for interpretation when inoculated with Ͼ10 3 CFU, while MGIT results can be obtained in less than 2 weeks. The internal coefficient of variation of CFU estimates between MGIT ParaTB tubes was exceedingly small (0.55% at a 95% CI): only two tubes were necessary for precise M. paratuberculosis CFU estimations.
Spectrophotometric (turbidimetry) measurements have long been used to estimate the number of bacteria in suspensions. Although neither very sensitive nor precise, it is a quick, inexpensive method for standardizing bacterial inocula prior to such studies as antibiotic susceptibility testing or experimental animal challenge. By combining spectrophotometry with MGIT, cells can be counted quickly and precisely. As a standard method, we propose that M. paratuberculosis cell suspensions be adjusted to a spectrophotometer OD 600 of 1.00. This equates to roughly 10 8 CFU/ml of M. paratuberculosis. One hundred microliters of 10 Ϫ1 to 10 Ϫ3 dilutions of this suspension should then be inoculated into duplicate MGIT ParaTB tubes. With this method, accurate log 10 M. paratuberculosis CFU can be obtained within 2 weeks. Dilution errors can quickly be detected by examining the TTD intervals between dilutions (Table 2 ). For example, if 10 6 CFU M. paratuberculosis were inoculated into supplemented MGIT ParaTB tubes, the TTD for a positive signal should be obtained in 4 days. The next serial dilution, 10 5 CFU, should signal positive between days 7 and 8 of incubation. Precision in M. paratuberculosis counting by the MGIT method can increase experimental precision and decrease the cost of studies of this emerging pathogen.
The universal, subgroup-specific, or strain-specific MGIT M. paratuberculosis counting curves can be used in any application requiring the quantification of viable M. paratuberculosis cell numbers, such as evaluations of physical factors such as radiation or pasteurization, chemical factors such as pH, salt, or disinfectants, and any in vitro growth promoter or suppressor. This system can also be used to measure whether antimycobacterial drugs are bacteriostatic or bactericidal by allowing the antimycobacterial agent-M. paratuberculosis interaction to take place outside the MGIT ParaTB medium and then transferring a small aliquot of the mixture into an MGIT tube for quantification.
Several studies demonstrated previously that M. paratuberculosis strains isolated from cattle are genetically conserved (23, 33) . The similarity of strain-specific standard curves for subgroup II supports these findings. While the universal standard curve demonstrated in this study has broad utility, the subgroup II-specific standard curve might provide even more precise results for recently isolated, low-passage bovine isolates. Since some M. paratuberculosis strains isolated from sheep, bison, and nondomestic species were previously reported to display greater genetic and phenotypic diversity than bovine isolates (1, 13, 23) , further work on quantification with this method with such isolates is needed.
